INTRODUCTION {#sec1-1}
============

The bicuspid aortic valve is the most common form of congenital heart disease being found in at least 1-2% of the population with a 2:1 male: female ratio.\[[@ref1][@ref2][@ref3][@ref4][@ref5][@ref6]\] Although this very common cardiac anomaly may be silent for many years, it is responsible for cardiovascular disease in both children and adults. The bicuspid aortic valve has been associated with coarctation of the aorta,\[[@ref7]\] progressive dilation of the ascending aorta\[[@ref8][@ref9]\] in a pattern distinct from that seen in the Marfan syndrome,\[[@ref10]\] aneurysm formation,\[[@ref11]\] premature calcification of the valve leaflets,\[[@ref12]\] aortic valve stenosis,\[[@ref5]\] aortic valve insufficiency,\[[@ref5]\] and endocarditis.\[[@ref5][@ref13]\]

Enlargement of the aorta distal to the valve was initially felt to be 'post stenotic dilation'\[[@ref14]\] secondary to hemodynamic abnormalities\[[@ref15]\] and was considered to be rare before five to six years of age.\[[@ref16]\] It was subsequently demonstrated\[[@ref17]\] that adults with a bicuspid aortic valve developed aortic dilation when no significant hemodynamic abnormalities were present. The dilated aorta in adults with bicuspid aortic valve has been shown to have different shapes,\[[@ref18]\] but it is not known if this occurs in children.

As the shape of the dilated aorta in children with bicuspid aortic valve has not been described, it is the purpose of this study to: (1) Describe the shape of the dilated aorta, (2) associate the shape with age, gender, bicuspid aortic valve morphology, and pertinent hemodynamic abnormalities, and (3) determine which shape is associated with the most significant degree of global aortic enlargement.

MATERIALS AND METHODS {#sec1-2}
=====================

The study was approved by the Institutional Review Board at the Primary Children\'s Medical Center and the University of Utah, which felt that informed consent was not needed, because this was a retrospective review of the clinically obtained data. Procedures followed during the study were in accordance with the ethical standards of the revised Helsinki Declaration, 2000 and 2002.

Patient selection {#sec2-1}
-----------------

The echocardiographic database (Syngo^®^ Dynamics, Siemens Siemens Medical Solutions USA, Inc.) used at our institution was searched for echocardiographic reports containing the term 'bicuspid aortic valve' or 'BAV' generated between January and December 2008. A total of 299 patients were identified. Patients (112) with a unicuspid aortic valve, tricuspid aortic valve, aortic valve surgery or replacement, inadequate imaging of the aortic valve, inadequate imaging of the aortic root/ascending aorta, inability to determine if the patient had coarctation of the aorta, Loeys-Dietz syndrome, Marfan syndrome, Turner\'s syndrome, the wrong diagnosis, age \> 18 years, fetal echo, or inadequate information to calculate the z scores were eliminated from the study. A total of 187 patients were included in the study.

Echocardiographic analysis {#sec2-2}
--------------------------

Measurements of the aortic segments (annulus, sinus of Valsalva, sinotubular ridge, ascending aorta) were made during the clinical echocardiogram in the parasternal long axis imaging plane during systole, with the aortic valve leaflets open to their maximum dimension \[[Figure 1](#F1){ref-type="fig"}\]. The z-scores were calculated using a z-score calculator, based on the study by Sluysmans and Colan.\[[@ref19]\] The degree of aortic stenosis and insufficiency was determined using the echocardiographic criteria, as outlined by Bonow *et al*.\[[@ref20]\]

![Measurements of the aortic annulus (1), sinus of Valsalva (2), sinotubular ridge (3), and ascending aorta (4), were made along the long axis of the aorta during systole, with the aortic valve leaflets open to their maximum dimension](APC-6-126-g001){#F1}

The patient\'s age, gender, aortic segment z-scores, pertinent hemodynamic abnormalities (aortic stenosis, aortic insufficiency, combined aortic stenosis + insufficiency, coarctation) were obtained from the echocardiographic report.

The echocardiogram was reviewed by a single author (CRM), to confirm that the patient did indeed have a bicuspid aortic valve, determine the aortic valve morphology (right/left, right/non or left/non-cusp fusion), and the accuracy of the z-score measurements. Where there was concern that the z-scores in the echocardiographic report were not accurate, the aortic segments were measured again and the z-scores recalculated.

The aortic shape was documented and since there were more aortic shapes than noted in adult patients,\[[@ref18][@ref21][@ref22]\] a unique classification scheme was developed as follows: S1 -- normally shaped aorta, S2 -- enlarged ascending aorta, S3 -- effacement of the sinotubular ridge, S4 -- Marfan-like, S5 -- enlarged sinus of Valsalva and ascending aorta, S6 -- normal annulus and proximal sinus of Valsalva, enlarged distal sinus of Valsalva, enlarged sinotubular ridge, and enlarged ascending aorta \[[Figure 2](#F2){ref-type="fig"}\]. Aortic dilation was considered to be present when a z-score of at least one of the aortic segments was 2.0 or greater. In order to determine the degree of global aortic dilation the z-scores of each aortic segment were combined as follows: Annulus z-score + sinus of Valsalva z-score + sinotubular ridge z-score + ascending aorta z-score. We defined mild dilation as a combined z-score of \< 8.0, moderate dilation as 8.0-11.99, and severe dilation as 12.00 or greater.

![Aortic dilation patterns in children with bicuspid aortic valve: S1 -- normal shape; S2 -- enlarged ascending aorta; S3 -- effacement of the sinotubular ridge; S4 -- Marfan-like; S5 -- enlarged sinus of Valsalva and ascending aorta; S6 -- normal annulus, and proximal sinus of Valsalva, enlarged distal sinus of Valsalva, sinotubular ridge, and ascending aorta](APC-6-126-g002){#F2}

Statistical analysis {#sec2-3}
--------------------

Descriptive statistics were used to determine the frequency of the different aortic shapes, the degree of aortic dilation, aortic segment z-scores, and global aortic size. These were associated with aortic valve morphology, age, gender, and the presence or absence of a pertinent hemodynamic abnormality. *P* values were determined by using the One-Way Analysis with Students *t*-test and considered statistically significant if less than or equal to 0.05. Statistical analysis was performed using the JMP^®^ Statistical Software (ASA, Cary, North Carolina, USA).

RESULTS {#sec1-3}
=======

General findings {#sec2-4}
----------------

The age range of the 187 patients was from one day to eighteen years (mean 7.9 years); 144 (77%) were male and 43 (23%) female; and the male to female ratio was 3.4: 1. Right/left fusion was seen in 135 patients (72%), right/non-fusion in 51 patients (27%), and left/non-fusion in one patient (1%). Aortic dilation was present in 104 (56%) patients.

Hemodynamic abnormalities were present in 123/187 (66%), and consisted of aortic stenosis, aortic insufficiency (1 + or greater; patients with isolated trivial aortic insufficiency were considered not to have a hemodynamic abnormality), combined aortic stenosis + aortic insufficiency, and coarctation (repaired -- 50, unrepaired -- 4). There were no associated cardiac defects that would affect the size or shape of the aorta.

Shape of the dilated aorta {#sec2-5}
--------------------------

In the 104 patients with bicuspid aortic valve and aortic dilation, six different aortic shapes were noted \[[Figure 2](#F2){ref-type="fig"}\]. S1 was seen in 12 (12%), S2 in 41 (39%), S3 in 35 (34%), S4 in seven (7%), S5 in eight (8%), and S6 in one (1%) \[[Figure 3](#F3){ref-type="fig"}\]. S2 (34%) and S3 (35%), the most common patterns, were seen with equal frequencies in males and females. The frequency of the different aortic shapes varied with age. S2 (seen in 53% of the patients) was the most common up to age six, after which S3 (seen in 47% of patients) became the most common \[[Figure 4](#F4){ref-type="fig"}\]. Regardless of the aortic valve morphology, S2 and S3 were the most frequent patterns seen. In patients with right/left fusion, S2 (36%) and S3 (36%) were seen with equal frequency, while in those with right/non-fusion, S2 (48%) was found more commonly than S3 (30%). The one patient with left/non-fusion had an S2 shape \[[Figure 5](#F5){ref-type="fig"}\].

![Frequency of the different aortic shapes seen in patients with bicuspid aortic valve and aortic dilation. The frequency of each shape is given above the bar. The most common shapes are S2 and S3](APC-6-126-g003){#F3}

![The aortic shape varies with age. Prior to the age of six years, S2 (53%) is the most common shape. After the age of six years, S3 (47%) becomes the dominant shape](APC-6-126-g004){#F4}

![Aortic shape based on aortic valve morphology. With right/left cusp fusion S2 and S3 were seen with equal frequency. With right/non-fusion S2 was most commonly seen. With left/ non-fusion S2 was the only shape seen. Key: R/L -- Right/Left, R/N -- Right/Non, L/N -- Left/Non](APC-6-126-g005){#F5}

Hemodynamic abnormalities, aortic shape, and dilation {#sec2-6}
-----------------------------------------------------

Hemodynamic abnormalities were seen in 65/104 (63%) patients with aortic dilation. Larger aorta, determined by the combined mean z-score, were seen in patients with hemodynamic abnormalities, and an S3 or S5 shape compared to those without hemodynamic abnormalities. In patients with an S1, S2, or S4 shape, the combined mean aortic z-score was similar or larger in patients without hemodynamic abnormalities compared to those with hemodynamic abnormalities \[[Figure 6](#F6){ref-type="fig"}\].

![Although patients with an S3 or S5 shape were more likely to have a hemodynamic abnormality, there is no clear cut association between hemodynamic abnormalities and aortic shape](APC-6-126-g006){#F6}

Aortic shape and degree of dilation {#sec2-7}
-----------------------------------

Regardless of age, gender, or bicuspid aortic valve morphology, mild overall aortic dilation was most commonly seen in those with an S2 shape, moderate in those with an S3 shape, and severe only in those with an S3 shape \[[Table 1](#T1){ref-type="table"}, [Figure 7](#F7){ref-type="fig"}\].

###### 

Mean aortic segment and combined z-scores in patients with mild, moderate, and severe aortic dilation

![](APC-6-126-g007)

![Mild overall aortic dilation was most commonly seen with an S2 shape, moderate with an S3 shape, and severe only in those with an S3 shape](APC-6-126-g008){#F7}

Aortic shape in patients with bicuspid aortic valve and no aortic dilation {#sec2-8}
--------------------------------------------------------------------------

In the 83 patients with bicuspid aortic valve and no aortic dilation, S1, as would be expected, is the most common shape seen (51/83-61%). Other shapes include: S2 (12/83-14%), S3 (19/83-23%), and S4 (1/83-1%). In patients with an S1 shape the z-scores of the aortic annulus, sinus of Valsalva, and sinotubular ridge do not vary significantly from those with one of the other aortic shapes. However, the ascending aorta z-scores in patients with either an S2 shape (mean S1 z-score 0.28, mean S2 z-score 1.24, *P* = 0.008) or S3 shape (mean S1 z-score 0.28, mean S3 z-score 0.78, *P* = 0.03), while within the range of normal, are significantly larger than those with an S1 shape.

DISCUSSION {#sec1-4}
==========

This study demonstrates that in children with bicuspid aortic valve and aortic dilation the aorta can assume one of the six different shapes, with the two most common ones being S2 and S3. These findings differ somewhat from those in adults, where only four types of aortic dilations (aortic root and ascending aorta; one study\[[@ref22]\] has also included the transverse arch, which has not been evaluated in our study) have been described,\[[@ref18][@ref21][@ref22]\] corresponding to shapes S1, S2, S3, and S4. Thus, it appears that as one ages, the S5-shaped aorta assumes another shape. As only one patient has had the S6 shape, and it has not been followed over time, it is difficult to determine if this is a unique, rare form of dilation or if it will eventually assume a different shape.

The aortic shape is not associated with gender or aortic valve morphology, but does appear to evolve with age. The most predominant shape seen in children less than six years of age is S2, but S3 becomes the most common shape from age six to eighteen years. This finding suggests that during childhood, aortic dilation most commonly begins in the ascending aorta giving the aorta an S2 shape, with subsequent effacement of the sinotubular ridge, causing the aorta to assume an S3 shape during late childhood and adolescence. Although patients with an S3 or S5 shape are more likely to have a hemodynamic abnormality, there is no clear-cut association between having a hemodynamic abnormality and a specific aortic shape.

S3 is the aortic shape associated with the most significant degree of global aortic enlargement, with severe enlargement occurring only in those with an S3 shape and in patients as young as three years. This finding raises some very interesting questions. Why are S3-shaped aortas larger? Do patients with an S3 shape have a more malignant form of aortopathy associated with the bicuspid aortic valve? Will patients with an S3 shape have a higher incidence of aortic dissection? Although such questions will need to be answered by future studies, what is evident from our data is that children with severe aortic enlargement have an S3-shaped aorta. Thus, although the optimum time interval for following a child with bicuspid aortic valve and aortic dilation has not been defined, it seems reasonable that patients with an S3-shaped aorta must be followed more frequently for progressive aortic dilation, for example, on a biannual or annual basis.

It is noteworthy that dilation of the aorta in children with bicuspid aortic valve is, for the most part, distinct from that seen in the Marfan syndrome.\[[@ref10]\] Aortic dilation in the Marfan syndrome predominantly results in dilation of the aortic sinuses of Valsalva.\[[@ref10]\] As noted by others,\[[@ref10]\] the results from this study demonstrate that dilation of the aorta with a bicuspid aortic valve is generally not just confined to the aortic sinuses of Valsalva, but affects the entire aortic root and ascending aorta.

In 1928, Abbott\[[@ref23]\] has theorized that bicuspid aortic valve, coarctation of the aorta, aortic wall thinning, and rupture were related to a common developmental abnormality. Although the underlying abnormality causing aortic dilation in the bicuspid aortic valve has not been elucidated it is now felt that there is a genetic component\[[@ref24]\] to this anomaly. Whatever the cause, it appears to more diffusely affect the aortic root and ascending aorta in children differently from the known abnormality in the Marfan syndrome (mutation in fibrillin-1 on chromosome 15, TGFBR1 on chromosome 9, TGFBR2 on chromosome 3).\[[@ref25]\]

Interestingly, some of the aortas in patients with bicuspid aortic valve and no aortic dilation had S2 or S3 shape. Although these aortas were not dilated, the ascending aorta was larger in these patients compared to those with a normally shaped (S1) aorta, suggesting that abnormal dilation could have already begun.

Study limitations {#sec2-9}
-----------------

The study is a retrospective review of patients undergoing echocardiography for bicuspid aortic valve and some of the conclusions reached would be more robust if they had been obtained in a prospective longitudinal study. In addition, a longitudinal study may be able to provide answers to some of the questions raised about the S3 shaped aorta. A better understanding of the pathological differences among the different aortic shapes could have been better appreciated if tissue from the aortic walls had been available for analysis. None of the patients included in this study had an aortic dissection, rupture, or had undergone surgical replacement of their aortic root/ascending aorta. Thus, it is difficult to predict if a particular aortic shape predisposes to aortic dissection, rupture, or early aortic replacement.

CONCLUSIONS {#sec1-5}
===========

The shape of the dilated aorta in children with bicuspid aortic valve does not occur in a uniform manner and multiple shapes are seen, with the two most common shapes being S2 and S3. In children less than six years of age, the most common shape is S2, while the S3 shape is more common in older children and adolescents, suggesting that the aortic shape changes with age. Bicuspid aortic valve morphology, gender, and hemodynamic abnormalities do not appear to have a significant influence on the aortic shape seen in children with bicuspid aortic valve. As the severity of aortic dilation increases, the aortas in this series all had a common shape, S3. This suggests that children with bicuspid aortic valve and an S3-shaped aorta may have an increased risk of developing earlier, and more significant, aortic dilation, requiring a closer clinical follow-up.
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